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摘 要 
近几十年来，我国桥梁建设处于一个快速发展的时期。大规模桥梁建设之后，随之而来的是
既有桥梁的运营管理，其关键在于如何保障服役期内桥梁的安全性。定期开展桥梁检测与评估，
有利于尽早发现桥梁病害，降低发生灾难性事故的概率，具有重要的理论价值和社会意义。影响
线作为桥梁的固有属性，有明晰的物理意义，对损伤敏感且对环境变化较不敏感，适合发展成桥
梁损伤状态评估的关键指标。迄今为止，将影响线实际应用于桥梁损伤评估，仍有不少关键问题
亟待解决。本论文以基于影响线评估桥梁损伤的工作机理与敏感性分析为课题，开展深入细致的
研究。 
已有的桥梁影响线机理研究大多是基于弹性分析模型，其缺点在于不能真实反映破坏过程中
影响线的变化规律，也无法分析不同检测荷载下影响线的变化规律。本研究以钢筋混凝土梁式结
构为对象，基于钢筋混凝土梁桥影响线的变化规律，讨论其可适用于损伤评估的工作机理。通过
对比分析几类经典的钢筋混凝土梁有限元模型，选取适用于影响线变化规律研究的数值模型；通
过模拟局部施加破坏荷载并逐渐加大的过程，研究梁破坏过程中影响线变化规律；考虑结构无损
状态以及不同程度的有损状态，研究不同检测荷载下影响线的变化规律，进而分析影响线可稳定
识别的检测荷载幅值区间。通过研究发现，随着局部损伤的发生和损伤程度的加大，挠度和应变
影响线发生了规律性变化，表明了影响线指标有希望发展成为评估桥梁损伤的关键指标。另外，
通过研究可稳定识别影响线的检测荷载幅值区间，表明了影响线损伤评估指标在实桥应用具有可
行性。 
影响线指标对损伤的敏感性会受到各类因素的影响，如不同传感器类型或测点位置造成指标
间敏感性差异，噪声干扰也会影响指标对损伤的敏感性。本研究推导了多种类型影响线指标对损
伤敏感性的数学表达式；基于数值算例细致地探讨了多类型影响线对单元刚度损伤的敏感性；通
过归一化的影响线指标，比较不同类型影响线指标的损伤敏感性；通过考虑噪声干扰对指标损伤
敏感性的影响，分析了加噪后影响线指标的有效检测范围；考虑到损伤位置通常未知，研究了不
同影响线指标对于未知损伤敏感性的综合分析能力。通过上述研究，发现了影响线指标敏感程度
有随着输出位置远离损伤位置明显减弱的趋势，并且应力影响线指标的衰减速度较挠度影响线更
快等一系列结论。 
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最后，本研究制作了实验室钢筋混凝土三跨连续梁模型，采用在梁上移动的载重小车模拟影
响线加载过程，在梁中跨的跨中施加破坏性荷载来模拟局部轻微损伤，获得损伤前后连续梁上不
同测点的挠度影响线和应变影响线，进而通过试验结果的分析，验证了影响线评估桥梁损伤的工
作机理和影响线对损伤的敏感性。 
 
关键词: 桥梁；影响线；损伤识别；敏感性分析；有限元 
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ABSTRACT 
In the past few decades, Bridge construction has entered a golden age of rapid development in 
China. After the massive construction, the attendant problem is operation management of existing 
bridges that the key is to insure the security of these bridges in long-term operation service period. 
During normal operations of the bridge, Regular detection of bridge damage will benefit early 
diagnosis of structural disease, which will reduce the rate of disastrous accident and has important 
practical significance and theoretical value. After years of research, a number of different damage 
assessment method based on various structural performance indices for bridges has been proposed by 
scholars at home and abroad. Among these indices, the influence line (IL), one of the intrinsic 
properties of the bridge, is well suited to be developed into a key index for the damage assessment 
because of its clear physical significance, sensitivity to damages and insensitivity to environmental 
change. But so far there are still many crucial issues need to be solved urgently of applying ILs to the 
detection of bridge damages. In this paper, the mechanism and sensitivity analysis of the bridge damage 
detection based on ILs are taken are studied, and the research is carried out in detail. 
The existing research on the mechanism of ILs applied to bridge damage detection is mostly based 
on the elasticity analysis model, so the disadvantage is that it cannot truly reflect the change of ILs 
during the processing of bridge failure, and cannot analyze the variation of ILs under different 
detection loads. This paper takes the reinforce concrete (RC) beam bridge as the analysis object, and 
the mechanism of the bridge damage assessment is studied based on the variation law of the IL. By 
comparing and analyzing several kinds of classical finite element (FEM) models of RC Beam Bridge, 
the numerical model suitable for the study of the IL was selected. By simulating the local application of 
the destructive load and gradually increasing the load, the change law of the IL in the process of the 
destruction was studied; considering the structure of non-destructive state and varying degrees of 
damage state, the variation law of ILs under different detection loads was studied, and the 
detection-load interval for stable identification of ILs was obtained. This paper found that with the 
occurrence of local damages and the increasing of damage degree, the deflection influence line (DIL) 
and strain influence line (SIL) have changed regularly, indicating that IL-based indices are promising to 
develop into a key index of bridge damage assessment. In addition, by studying the detection-load 
range of stable identification of ILs, it is proved that the IL-based indices for damage detection are 
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feasible in real bridge application. 
The sensitivity of IL-based indices to the damage will be affected by various factors, such as the 
different sensor type or the location of measuring points will cause differences, and noise interference 
will also affect the sensitivity. This paper deduced the mathematical expressions of the sensitivity 
coefficients of various types of IL-based indices; based in the numerical examples, the sensitivity of the 
multi-type IL-based indices to the stiffness damage was analyzed; through the normalized IL indices, 
the damage sensitivity of different types of IL-based indices was compared; by considering the 
influence of noise disturbance on the damage sensitivity of the IL index, the effective detection range 
of the IL index after adding noise was analyzed; also considering that the damage location is usually 
unknown, the comprehensive analysis ability of different IL indices for unknown damage was studied. 
Through above research, it was found that the degree of sensitivity of the IL indices has a tendency to 
decrease with its measuring point location away from the damage location, and the decay rate of the 
SIL index is faster than the DIL line, and there were a series of other conclusions like this. 
Finally, this study produced a three-span continuous RC beam model in the laboratory, using the 
load car moving on the beam to simulate the loading process of the IL, by applying destructive at the 
central of the mid span to simulate local minor injuries, obtaining DILs and SILs of different measuring 
points before and after damage, and through the analysis of the test results, the mechanism and 
sensitivity of IL indices applied to assess the bridge damage were verified. 
 
Keywords: Bridge; Influence Line; Damage Detection; Sensitivity Analysis; FEM 
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1 
第1章  绪 论 
1.1 研究背景 
近几十年，在我国全面推进城际交通和西部地区大开发、大建设、大发展的局势下，全国范
围内的公路桥梁建设呈现了井喷式发展。据交通运输行业最新的统计数据显示，我国现有 77.92
万座公路桥，其中特大桥 3894 座，大桥 7.95 万座，中小桥 69.58 万座，后者占比近 90%。大规
模的桥梁建设之后，随之而来的是既有桥梁的运营管理，其关键在于如何保障这些桥梁在服役期
内的安全性。数量众多的桥梁在极端荷载（如地震、台风、船撞）、长期荷载（如疲劳效应、徐
变效应）、环境腐蚀和材料老化等多种不利因素耦合作用下，不可避免出现不同程度的损伤累积
和抗力衰减。若不能在损伤早期及时发现并妥善处理，将可能导致局部损伤进一步劣化，进而影
响到桥梁的正常使用，极端情况下甚至会引发灾难性事故。近年来，国内各地也陆续发生了一些
桥梁的倒塌事故（见图 1.1）。在桥梁正常运营期间，定期开展桥梁损伤检测，有利于尽早发现桥
梁病害，针对性地制定桥梁修复与加固方案，可减少重大安全事故的发生概率，避免造成不必要
的生命财产损失，延长桥梁的使用年限，因此具有重要的理论价值和社会意义。 
 
     
(a) 哈尔滨阳明滩大桥引桥                     (b) 武夷山公馆大桥 厦
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